Experimental studies of blood microflows in rectangular biocompatible polymer microchannels measured using micro-particle image velocimetry are reported. The data processing methods, data collection methods, and choice of channel material are demonstrated to impact the velocity profile measurements obtained. Results show that the use of red blood cells as tracer particles creates a large depth of correlation which can approach the size of the vessel itself and decrease the accuracy of the method. It is shown that changing the amount of overlap in the post-processing parameters affects the results by nearly 10%. The velocity profile is studied as a function of the flow rate of the blood, the hematocrit, or percentage of red blood cells, the shape of the channel, and the channel material. The results highlighted here show that the best processing options include pre-processing, the use of fluorescent tracer particles instead of the red blood cells themselves as tracers give a more accurate prediction of the profile, and the use of silicone as the channel material more closely mimics the behavior of physiology.
INTRODUCTION
Microcirculation is the range of blood vessels, generally around 100 µm or less, where the Reynolds and Womersley numbers are significantly less than unity, and the viscous stress and pressure gradient are the main determinations of flow. Blood is a non-homogeneous fluid, and this complex composition and environment makes characterization of the blood at the micro level difficult. As lab-on-a-chip and medicine move to the micro level, this characterization becomes important, especially velocity profile characterization. First, we will discuss the accuracy of measurement method before discussing the physical parameters influencing the velocity profile. Blood flow measurements in microflow, such as maximum velocity and the shape of the velocity profile, can be achieved through micro-particle image velocimetry (µPIV). Generally, for in vivo studies red blood cells (RBCs) are used as tracer particles for the µPIV method, while for in vitro studies, artificial fluorescent micro particles are added to the blood.
Microcirculation is of current basic science and clinical interest. Microcirculation regulates the exchange between blood and tissues via vascular beds both in and around organs [1] . Recognizing the characteristics of blood flow in microcirculation is essential in order to understand the mechanical interactions between the blood and the vessel Proceedings of the ASME 2012 10th International Conference on Nanochannels, Microchannels, and Minichannels ICNMM2012 July 8-12, 2012, Rio Grande, Puerto Rico
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consequently giving insight to the causes of cardiovascular disease, cardiogenesis and angiogenesis. The shear stress at the endothelial cell walls, the velocity profile and the flow rate are key factors in extending clinical understanding [1] .
The velocity profiles of blood in micro channels are desired. The shape of the velocity profile gives insight into the shear stress developed at the sidewall of the channel. From this insight, inference can be made of the shear stress on endothelial cell walls in microcirculation. Chiu and Chien present a review of the current research on endothelial cells from a clinical perspective [2] . However, the experimental study of blood flow in microcirculation represents a considerable challenge, and a complete picture of the accuracy of velocity measurement methods is lacking. A full understanding of the behavior of the velocity profile in vitro would be useful for clinical and in vivo studies as a benchmark comparison.
One of the key ways to measure blood velocity profiles on the micro level is through µPIV. Some of these studies include research into the addition of fluorescing micro particles to increase the accuracy of the measurement at high levels of hematocrit. These included 35 µm x 300 µm rectangular channels and 100 µm square channels [3, 4] . Some work has been done with 100 µm round channels and fluorescent tracer particles [5] . Kloosterman has focused on how different magnifications affect the final results [6] . A method of comparing and validating not only the experimental set-up but also the post-processing of µPIV as applied to blood flow in straight microchannels is needed. In this paper we will highlight important parameters influencing the accuracy of the measurement of the velocity profile. This will be done by first explaining the µPIV approaches in use and testing them, then examining the accuracy of these measurements, and finally applying the methods, and assessing future applications of accurate measurements.
Originally developed by Santiago, µPIV was further developed by Meinhart and colleagues [7] [8] [9] . There are two main debates in blood µPIV: upright versus inverted microscopy, and highspeed versus pulsed camera data. Upright microscopy is generally done with in vivo studies, and inverse microscopy is generally done with in vitro studies. In blood it is further complicated by the choice of using the RBC themselves as the tracers, or adding fluorescing microparticles to the blood. Santiago's initial research used pulsed images from a CCD, coupled with an oil-immersion epi-fluorescent microscope using fluorescing microparticles as tracers [7] . Sugii used high speed video to accomplish µPIV using conventional microscopy in vivo using the RBC as the tracers [10] .
It is desired to show that the original method of Santiago, using pulsed images, gives more detailed results than the use of high speed video, and that fluorescent tracer particles give better resolution than RBCs as tracer particles. This is to be demonstrated through direct comparisons of the methods.
Before accepting the results of such a comparison, the accuracy of the data processing methods must first be examined through analytical comparisons of the various processing methods applied to the same data. The choice of channel material is also verified. 
NOMENCLATURE

MATERIALS AND METHODS µPIV set up
The µPIV set-up used consisted of an Imager Intense (LaVision Gmbh, Germany) double pulsed camera mounted in conjunction with a high speed camera (Dalsa 1M150, Canada), recording images as both a sequence of image pairs and a high speed video. The double pulse camera was used to record images of exited fluorescent particles. The high speed camera was used to record continuous image sequences using red blood cells as tracer particles under white light. The images are used to determine the movement of the particles from the first image in the pair to the second image or from one frame of a video to the next frame. Both approaches use cross-correlation to determine velocity vectors which can be averaged or used instantaneously to give a velocity profile. Lighting was done with an Nd:YAG laser controlled by a programmable triggering unit and an overhead fiber optic light source for the high speed video. Both cameras and light sources interfaced with a fluorescent microscope coupled with a 3 axis stage controlled by a computer. Flows were induced into 40 x 110 µm or 40 x 140 µm rectangular polydimethylsiloxane (PDMS) channels, a type of silicone, fabricated of Slygard-184 (Dow-Corning, USA) in a cleanroom following established soft lithography techniques [11] , or into 100 µm square poly(methyl methacrylate) (PMMA) channels, a type of acrylic, (Microfluidic ChipShop Gmbh, Germany). A high precision syringe pump was used to introduce the blood into the microfluidic chips (Nexus3000, Chemyx Inc., USA). Figure 1 depicts the entire set-up.
Sample preparation
Porcine blood samples were collected from healthy animals slaughtered at an accredited facility. Each sample was treated with 1 g ethylenediaminetetraacetic acid (EDTA) solids dissolved in 4 mL distilled water for each liter of blood. Blood samples were then centrifuged at 3000 rpm at 20ºC for 10 minutes 3 times. Everything except the RBCs was removed following each centrifugation. Phosphate buffered saline (PBS) was added after the first and second centrifugations. Desired hematocrit was created with the RBC left after the final round of centrifugation with PBS. A Zipocrit microcentrifuge (LW Scientific, USA) was used to verify hematocrits. Fluorescent tracer particles of 1 µm diameter (Microgenics,USA) were seeded at 30 µL per 1 mL of resulting test suspensions of RBCs. 
Experimental approach
The experiments in this paper aim to assess the accuracy of µPIV. Accuracy can be broken down in to two main components: the data processing and the method. In order to compare the methods (approaches) it is necessary first to know if the processing of the data is accurate. Once the ideal processing parameters are decided, then the method of data collection is compared. The two methods compared are the use of high speed video with the RBC themselves as tracer particles and the use of pulsed camera data with fluorescing microparticles used as tracers. Finally, a comparison of two common biocompatible polymer channel materials is presented. General conclusions are then drawn about the accuracy and application of µPIV to blood flow in microchannels.
RESULTS AND DISCUSSION
Data processing
Data processing in blood µPIV is usually done by cross correlation between two images in order to obtain a correlation vector. Wereley and Meinhart give an excellent explanation of cross-correlation in their recent review [12] . The data can be preprocessed before the cross-correlation (i.e. removal of background image, cropping, etc), the way the correlation is implemented can be adjusted (i.e. changing the size, shape or amount of overlap of the correlation windows) or it can be post-processed (i.e. averaging the resulting vectors, discarding outliers, etc).
The pre-processing consists of modifying the picture itself before using the cross-correlation method. While not blood specific, Nguyen et al worked with glycerol and advocate the use of pulsed data, which is used to generate a maximum intensity image for each of the pulses. The correlation is performed between these two maximum intensity images, instead of the entire sequence. This is referred to as "imageoverlapping", and has since been applied to blood [13, 14] . Bitsch and colleagues employ a "thresholding" method which they call a "base-clipping" technique that removes the lower intensity particles below some threshold [15] . Figure 2 depicts the methods of Nguyen and colleagues, standard crosscorrelation without pre-processing and the method of Bitsch and colleagues. All of these methods are applied to the same data set of pulsed images using fluorescing tracer particles. Nguyen's method requires the least amount of computation time since after pre-processing it requires a single image pair [14] . Figure 2 . Pre-processing can change the achieved velocity profile. Channel is 40x110 µm. Blood sample at 10% hematocrit with a programmed flow rate of 10 µL/hr. Y-axis position in the measurement is given on the x axis in millimeters; velocity is on the y axis in meters per second.
After pre-processing, the cross-correlation is applied. Meinhart's original method was to use a 50% overlap of correlation windows followed by ensemble averaging the results [8, 9] . Bitsch and colleagues use an ensemble averaged correlation with a 25% overlap in the correlation windows [15] . Adjusting the size, shape and overlap amount between subsequent correlation windows was hypothesized to improve the results. Using both LaVision's DaVis software and MATLAB, the most promising processing methods have been implemented [14] , to be compared with the standard correlation in use for blood, that is square correlation windows with a 50% overlap. The processing parameters changed were the shape of the correlation window, the size of the correlation window, and the post-processing. Correlation window options used were square versus oval windows aligned in the direction of the flow, smaller sized windows, and 50% overlap or 87% overlap of the windows. It was found that changing solely the overlap of large square interrogation windows can affect the results by nearly 10%, and having the wrong size correlation windows has an equally large effect on the profile, as can be seen in Figure 3 . The exact same dataset was used for all of the processing cases, with hematocrit of 20% RBC, and a programmed flow rate of 10 µL/hr.
Given appropriate seeding and window size, using an 87% overlap an oval window shape of direction of flow gives best results, i.e. the closest flow rate (5.41 µl/hr), maximum velocity (0.000785 m/s) and wall shear rate (29.66 1/s) to theoretical values (10 µl/hr, 0.0012 m/s and 83.5 1/s, respectively) but doing so is computationally expensive (four hours compared to about seven minutes). The pre-processing method of Nguyen et al was found to increase the accuracy of the predictions of maximum velocity to 0.00089 m/s and shear rate to 56.66 1/s for H = 20, while also decreasing the computation time from four hours to four minutes. For H = 10, the pre-processing was found to increase the accuracy of the prediction even more for shear rate (83.2 1/s for pre-processing compared to 37.1 1/s for no pre-processing) and maximum velocity (0.0011 m/s compared to 0.000985 m/s). In all cases, the pre-processing slightly decreased the flow rate prediction. For H = 20, the flow rate with pre-processing is found to be 4.93 µl/hr compared to 5.41 µl/hr without pre-processing, while for H = 10 the flow rates were found to be 6.50 µl/hr versus 6.77 µl/hr [14] .
Data collection methods
Once the processing is set, it is required to determine the accuracy of the method. Here blood gives unique problems compared to conventional microfluidics. In macro PIV, the flow is illuminated by a sheet optic, while micro scale PIV requires volume illumination. Some work has gone into quantifying the depth of correlation (DOC) and depth of focus (DOF) requirements [6, 12, 16] . In addition blood aggregates if, after centrifugation to remove the platelets, the RBC are suspended in native plasma instead of PBS, the RBC will still aggregate at low flow rates. When suspended in PBS, the RBC do not aggregate, which makes imaging easier. With the construction of the dual µPIV system, high speed data using RBC and pulsed camera data, using microparticles in the same rectangular or square channel, could be evaluated and directly compared. Results can be seen in Figure 4 . Data were taken with the same blood, same set-up, and same channel (switching between cameras). High speed data were evaluated sequentially (100 images), while the pulsed data was evaluated in pairs (100 pairs). The high speed data used the RBC themselves as tracers, while pulsed used the fluorescing particles. The same blood sample was used for both images and contained particles, so the effect of the particles on the RBC is not considered. For the H=10% profiles presented in Fig.6 , the pulsed data velocity profiles are close in shape to the high speed data velocity profiles, with the pulsed images having a smaller standard deviation of the calculated flow rate than the high speed images. The high speed data gives a slightly flattened velocity profile with a decreased shear rate at the wall. Overall this leads to a slightly larger prediction of flow rate (8.5 µL/hr compared to 6.9 µL/hr for the pulsed images). The high speed images seem to give a more accurate match to the programmed flow rate of 10 µL/hr, however the shape of the profile and shear rate are better predicted by the pulsed data. Increasing the hematocrit was found to complicate the image processing of the high speed data, due to the density of the RBC causing imaging issues. Future work involves evaluating the image processing of the high speed data in a similar approach the previously outlined pulsed images processing methods, comparing the effect of hematocrit on the difference between the two methods and examining aggregation effects of the RBC when suspended in native plasma. Figure 4 . The type of µPIV used changes the results for even the same samples in the same channels (40x140 µm). Blood sample at 10% hematocrit with a programmed flow rate of 10 µL/hr. Y-axis position in the measurement is given on the x axis in meters; velocity is on the y axis in meters per second. Figures 2 through 4 depict studies using PDMS channels fabricated in-house. However, it has been suggested that PMMA channels are good for biological applications [17] . It was desired to see if that extended to blood, since PMMA has good optical properties. Additionally, PMMA is rigid, as is glass, whereas PDMS is a flexible silicone polymer. For these tests the 40 µm tall and 140 µm wide PDMS channels and 100 µm square PMMA channels were tested. The flow rates achieved were calculated by taking a ratio of the velocity profile to the profile at that flow rate for a Newtonian fluid and then extending that ratio into the three-dimensional Newtonian solution, all of which are summarized below in Table 1 . For all case (H = 10, 20, 30), the programmed flow rate in the pump was 30 µL/hr which led to a Newtonian flow rate prediction of 30.0397 µL/hr for the PDMS and 30.0275 µL/hr for the PMMA channels.
Channel material
It was found that the PMMA channels are consistently measured to have lower flow rates and maximum velocities at higher hematorcrits (H = 20, 40), despite the same input flow rate. At low hematocrit (H = 10) the PMMA channels achieved a higher flow rate. There has been some research into the effect of the flexibility of the PDMS on the velocity profile and pressure drop. Compared to rigid channel simulations, PDMS was found by Hardy et al. to have a decreased pressure drop [18] , which would lead to a higher flow rate for the PDMS. These experimental results validate the theoretical comparision of Hardy et al. Additionally, the shear rate at the wall is higher for the PDMS than for the PMMA, as can be seen in Figure 5 with a direct comparison of the two channels' center-plane velocity profile. Figure 5 . Velocity profiles from PDMS channels are shaped differently than those taken in PMMA channels. Blood sample at 20% hematocrit with programmed flow rate of 40 µL/hr, respectively. Y-axis position is normalized by half the width since PDMS channel is 40x140 µm and PMMA channel is 100 µm square. Velocity is relative to each data set's own maximum velocity. Comparison is for shape.
Finally, it was also found, that the shape of the velocity profile in PDMS more closely resembled published in vivo data, as seen in Figure 6 with hematocrits of 10 and 20. In Fig. 5 data was processed using standard processing parameters of a 64x64 correlation window followed by a 32x32 correlation window with a 50% overlap between the two correlation windows. It is desired in in vitro studies to better understand physiology without doing in vivo studies, so the PDMS channels are a better indicator of physiological response. Figure 6 . Velocity profiles from PDMS channels are shaped similar to published in vivo data [5] . Blood sample at 10 and 20% hematocrit with programmed flow rates of 30 and 40 µL/hr, respectively. Y-axis position is normalized by half the width; velocity is relative to each data set's own maximum velocity. Comparison is for shape.
Effect of hematocrit
It can be seen looking at Figures 2 through 6 that changing the hematocrit or flow rate can significantly change the shape of the profile. This is more easily seen in three dimensions.
Since fluorescent µPIV only takes two dimensional profiles, the only way to get a three dimensional image is to take many profiles at various heights in the channel, or by taking the central two dimensional profiles found previously and projecting them into three dimensions. This projects a square channel, but the general shape can be seen. A projected 3D profile in PDMS (of the H=20, Q=40 µl/hr from Figure 6 ) is shown in Figure 7 , generated by mirroring the two dimensional profile cross-wise and matching the flow in three dimensions. Figure 8 depicts the same flow rate at 40 % hematocrit. As with changing the channel material, increasing the hematocrit changes the shear rate at the wall and the flow rate. A higher hematocrit will have an increased shear rate and decreased flow rate. For Figure 7 and Figure 8 
CONCLUSIONS
A better understanding of the accuracy of the µPIV processing and method is necessary to be applied to real world situations. The desired application of µPIV here is to use it to measure the shape of velocity profile, which can be used to determine shear rate at the wall. As mentioned previously, shear rate at the wall affects uptake of nutrients and oxygen. It is necessary to understand these mechanics in order to take advantage of these chemical processes. In order to accurately and appropriately employ µPIV techniques for blood microcirculation investigations, it is necessary to understand the unique challenges associated with blood flow in microchannels, and with the application of a macro technique like PIV at the micro level.
In the works reviewed here, several guidelines can be surmised. When processing the data taken in with any technique, appropriately sized correlation windows (shaped in the direction of the flow) or an increased overlap to 87% between the subsequent windows is necessary for accuracy of the post-processing. For hematocrits greater than 10%, the use of fluoresecent microparticles as tracers improves the accuracy of the velocity profile measurement and predictions made from that measurement.
Additionally, using PDMS polymer channels in vitro gives more realistic predictions for of in vivo velocity profiles. All of these parameters need to be kept in mind when applying µPIV to applications to investigate the velocity profiles of blood in microcirculation when using viscosity modifiers, therapeutic treatments for blood disorders, or any number of biomicroflow issues. Several future works were also highlighted such as the further investigation ont eh influence of hematocrit on the type of imaging and the accuracy of the imaging techniques. Possible applications of this knowledge of µPIV in microflow of blood includes: investigations of RBC aggregation which has clinical implications as the aggregating properties of blood can be used as a diagnostic tool, treatment and diagnosis of disorders of the blood such as sickle cell anemia, blood viscosity modifiers such or artificial blood substitutes, and modeling of microcirculation networks.
